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Introduction
With water uptake, swelling sulphatic rocks exert a pressure upon a tunnel lining which may endanger its structural safety (Amstad and Kovári 2001) . The swelling is attributed mainly to the chemical transformation of anhydrite into gypsum, a process that takes place via the solution phase. The microscopic mechanism behind the development of the swelling pressure is the growth of gypsum crystals inside the rock matrix: If a crystal is in contact with a supersaturated solution, then it will grow or, if its growth is entirely prevented by the surrounding matrix, then it will exert a so-called crystallisation pressure upon the pore walls (Correns and Steinborn 1939) .
There are few works in the literature dealing specifically with the crystallisation pressure of gypsum in sulphatic claystones. Winkler and Singer (1972) and Winkler (1973) estimated crystallisation pressure on the basis of Correns and Steinborn's theory (1939) , according to which the crystallisation pressure p G of a crystal in equilibrium with a solution of concentration c reads as follows:
where c 0 eq;G is the equilibrium concentration of gypsum at standard conditions (i.e. dilute solutions under atmospheric pressure and at T = 25°C); c is the ion concentration (or, equivalently, the equilibrium concentration when the gypsum is subjected to the pressure p G ); R is the universal gas constant; T is the temperature; and V 0 G is the molar volume of gypsum. According to Eq. (1), supersaturation c/c 0 eq;G is the driving force for the development of crystallisation pressure. (The higher the concentration, the higher will be the crystallisation pressure for a given equilibrium concentration). Winkler and Singer (1972) and Winkler (1973) calculated the crystallisation pressure of gypsum as a function of supersaturation for different temperatures (0, 25 and 50°C). However, they erroneously considered a molar volume of gypsum of V 0 G = 54.8 cm 3 /mol instead of the correct value (74.3 cm 3 /mol). In addition, Eq. (1) does not take the activities of the reacting substances into account. The concentrations in Eq. (1) should be replaced by the solubility products (cf., Ping and Beaudoin 1992a; Flatt et al. 2007 ):
where K denotes the ion activity product of the solution and K 0 eq;G the equilibrium solubility product of gypsum at standard conditions. Figure 1 shows the crystallisation pressure as a function of the supersaturation for T = 25°C and atmospheric pressure: Curve 1 is according to Winkler (1973) , i.e. it does not take account of the activities and assumes a value for the molar volume, which is lower than the actual one; Curve 2 has the correct value for the molar volume but neglects the effect of activity; and Curve 3 is based upon Eq. (2) with a correct value for the molar volume. The incorrect assumption about molar volume (Curve 1) leads to a considerable overestimation of the crystallisation pressure (compared to Curve 2), but when combined with the simplifying assumption mentioned above (activity equal to unity) coincidentally leads to results which are close to the correct values (Curve 3). The results of Winkler (1973) were later adopted by Wichter (1989) . Assuming that supersaturation rarely exceeds 2 in Gypsum Keuper, he concluded that the crystallisation pressure amounts to about 30 MPa at T = 25°C. Nevertheless, he did not substantiate his assumption concerning supersaturation empirically or theoretically.
Another theoretical estimate can be found in Flückiger (1994) and Flückiger et al. (1994) , who determined a value of 3.7 MPa for the crystallisation pressure of gypsum at room temperature (T = 20°C) by means of thermodynamic calculations. This value was later used by Steiner et al. (2010) , who investigated the role of the brittle fracture process on the swelling of anhydritic claystones. The value of 3.7 MPa is lower than all previous thermodynamic estimates and also lower than the swelling pressures frequently measured in swelling pressure tests under volume constraint (see Pimentel 2007 ). The value is based, however, upon erroneous thermodynamic considerations and questionable assumptions. More specifically, Flückiger et al. (1994) used the relationship
which resembles Eq. (2), but, rather than considering the actual ionic concentration, they determined the solubility products that appear in the right-hand side of Eq. (3) as follows:
where DG r denotes the free energy of the transformation of anhydrite into gypsum at temperature T, calculated by using the following empirical relationship of Kelley et al. 1941 (see also Gmelin 1961 : Flückiger et al. (1994) did not explicitly mention the use of Eqs. (4) and (5), but they must have use these equations, as Eqs. (4) and (5) lead exactly to their numerical values for the solubility product K sp (1.57 and 1.40 at T = 20 and 25°C, respectively). As shown in ''Appendix'', the pressure calculated by Flückiger et al. (1994) is actually the increase in the crystallisation pressure that would occur, if the temperature drops from T 0 = 25°to T = 20°C with the solution being continuously saturated with respect to anhydrite. The value of 3.7 MPa thus lacks practical relevance. The actual crystallisation pressure at 20°C is by one order of magnitude higher (20-54 MPa, see Fig. 4a in ''Closed system'' section). Furthermore, it should be noted that existing theoretical studies into the crystallisation pressure of gypsum do not consider all of the relevant parameters. Besides the temperature T and the concentration c of the calcium and sulphate ions, the presence of foreign ions in the solution as well as clay minerals affects the thermodynamic equilibrium by reducing the activities of the reactants (Serafeimidis and Anagnostou 2014) and therefore influences the crystallisation pressure. Furthermore, in a fineporous rock, the effect of the liquid-solid surface energy becomes relevant, with the consequence that crystallisation pressure also depends on the shape and size of the pores (Scherer 1999; Flatt 2002; Steiger 2005 ). The present paper aims to close knowledge gaps as to the crystallisation pressure of gypsum by quantifying these effects and by discussing the factors affecting supersaturation in the context of the sulphatic claystones of the Gypsum Keuper formation.
The paper is organised as follows: After some thermodynamic preliminaries (''Thermodynamic preliminaries'' section), we show the extent to which pore size (assuming spherical pores), temperature and the presence of clay minerals or foreign ions may influence the relationship between crystallisation pressure and ion concentration c (''Relationship between crystallisation pressure and concentration'' section). In the parametric analyses of ''Relationship between crystallisation pressure and concentration'' section, the concentration c of the sulphate and calcium ions, which, as mentioned above, represents the driving force of the crystallisation process, is taken as an independent, given parameter. The concentration of the sulphate and calcium ions in the pore water is the result of anhydrite dissolution and gypsum precipitation and, in an open system, also of transport processes (advection and diffusion). ''On the ion concentration'' and ''Closing remarks'' sections deal with the value of this parameter in open and closed systems, respectively. All computations will be carried out under the simplifying assumption of atmospheric pore water pressure, because the effect of the pore water pressure is small for the relevant range of values in shallow tunnels (up to 2 MPa only).
Thermodynamic preliminaries
The computations of the next sections are based upon the condition of thermodynamic equilibrium between gypsum and pore solution, which can be expressed as follows (Serafeimidis and Anagnostou 2014) : Environ Earth Sci (2014) 72:4985-4994 4987 to the gypsum pressure p G under the simplifying assumption of atmospheric pore water pressure. The symbols c 0 and T 0 denote the standard concentration (1 mol/l) and the standard temperature (273 K or 25°C), respectively. The radius r G of the gypsum particles is taken equal to the pore radius r P , because the size of the intergranular space limits the maximum size of the gypsum crystals. The surface energy of gypsum c G can be taken equal to about 80 mN/m (Serafeimidis and Anagnostou 2014). a W is the water activity, while c Ca 2þ and c SO 2À 4 denote the activity coefficients of the dissolved calcium and sulphate ions, respectively. The activity coefficients depend on all ionic concentrations and can be calculated by means of several theoretical models (cf. Merkel and Planer-Friedrich 2008) . Here, the equations of Davies (1962) will be used, because the ionic strengths are low in the sulphatic claystones of the Gypsum Keuper formation (see Serafeimidis and Anagnostou 2014, for details). The other symbols appearing in Eq. (7) are thermodynamic constants (see Notation and Table 1 ). Solving Eq. (7) with respect to the gypsum pressure p G leads to the following expression for crystallisation pressure:
In the specific case of a closed system containing anhydrite, water and gypsum, the supersaturation with respect of gypsum is due to the fact that the solubility of anhydrite is higher than that of gypsum. The concentrations in this case are equal to the solubility of anhydrite (see ''Closed system'' section for more details) and are obtained by considering the condition of thermodynamic equilibrium between anhydrite and pore solution, which can be expressed, analogously to Eq. (7), as follows:
where p A denotes the anhydrite pressure. The term expressing the effect of the liquid-solid interfacial energy was omitted from Eq. (9), because the surface effects are negligible for radii [1 lm (Serafeimidis and Anagnostou 2014 ) and anhydrite appears in natural rocks either in the form of layers or of particles with sizes of few lm to few cm (Serafeimidis and Anagnostou 2012) .
Relationship between crystallisation pressure and concentration Taking the radius r G of the gypsum particles equal to the pore radius r P (''Thermodynamic preliminaries'' section), Fig. 2a shows the effect of the solid-liquid interfacial energy, which is expressed by the term 2c G /r P in Eq. (8). It decreases with increasing pore size r P and can be totally neglected for radii [1 lm. For small radii r P , however, it is relevant: The surface of the crystal can be conceived as a stretched membrane, which exerts a pressure upon the crystal, thus taking over a part of the crystallisation pressure; the crystallisation pressure decreases, therefore, with decreasing radius r P (Scherer 1999; Steiger 2005) . This can be seen also from Eq. (8), according to which the surface energy effect reduces the crystallisation pressure by 2c G /r P . Consider, for example, a pore solution with a high sulphate content of 25 mmol/l (2400 mg/l). The crystallisation pressure is in this case equal to about 24 MPa in large pores but drops below few MPa in the small pores. Figure 2b concerns the effect of the water activity a W . As can be readily verified by inspecting Eq. (8), a water activity a W \ 1 reduces the crystallisation pressure by |2RT ln a W /V 0 G |. The water activity a W expresses the ability of water to participate in chemical reactions (gypsum precipitation in the present case). Clay minerals or a high ionic concentration may reduce water activity considerably (For a discussion of the effect of clay minerals, see . Figure 2c compares the crystallisation pressure in the case of a NaCl solution of 0.2 mol/l H 2 O with the crystallisation pressure in the absence of foreign ions. For the sake of simplicity, the water activity, which is only slightly lower than 1 at this NaCl concentration (Washburn Washburn 1926 -1933 , was taken equal to 1. Figure 2c shows that even in the case of a solution of high sulphate content (25 mmol/l), the presence of dissolved NaCl (0.2 mol/l) reduces the crystallisation pressure from about 24 MPa to about 7 MPa for given concentration c.
As the temperature affects several terms of Eq. (8), its effect cannot be seen immediately. Figure 2d shows that it has a minor effect on the crystallisation pressure. It should be noted that this conclusion is true only for given concentration c, i.e. under the assumption that the concentration itself does not depend on the temperature. As we will see in ''Closed system'' section, however, in a closed system containing gypsum, anhydrite and water, the concentration c is equal to the equilibrium concentration c eq,A of anhydrite, which is very sensitive to the temperature (Marsal 1952; Blount and Dickson 1973) . In this particular case, the crystallisation pressure of the gypsum also depends on the temperature (see end of ''Closed system'' section).
In view of the paramount effect of the concentration c (Fig. 2) , the next section deals with the value of this parameter, first in a closed system containing anhydrite, water and gypsum, and afterwards in an open system.
On the ion concentration

Closed system
Let us first consider the concentration and the corresponding crystallisation pressure that would develop in a closed system consisting of anhydrite, water and gypsum. As in a closed system water and ions cannot flow in or out, anhydrite is the only supplier of ions and the latter are consumed only by the precipitation of gypsum. Assume, for the sake of simplicity, that the pore water is initially distilled. In this case, anhydrite dissolution would occur, increasing thus the concentration of ions in the pore water. The dissolution process would cease, when the concentration reaches the equilibrium concentration c eq,A of anhydrite. The latter can be determined by means of Eq. (9). Under atmospheric pressure (p A = 0) and T = 20°C, it is equal to 23.4 mmol/l. As this concentration is higher than the equilibrium concentration of gypsum under the same conditions (15 mmol/l, determined from Eq. (8) with p G = 0, neglecting the effects of water activity and surface energy), gypsum will develop a crystallisation pressure of about 20 MPa (see, e.g. Fig. 2b for c = c eq,A = 23.4 -mmol/l and a W = 1). The development of this pressure may cause a certain increase also in the pressure p A acting on the anhydrite particles, because the growth of the gypsum is constrained by the surrounding medium. In the extreme case, where the constrained gypsum crystals are very closely spaced and located close to the anhydrite grains, the pressure developing upon the latter can be taken approximately equal to the crystallisation pressure of the gypsum. In general, the anhydrite pressure will be between atmospheric and gypsum pressure. The increased anhydrite pressure will cause an increase in the equilibrium concentration of anhydrite to a value, which is higher than the equilibrium concentration under atmospheric pressure (23.4 mmol/l). In turn, this will further increase the crystallisation pressure of gypsum to more than the value of 20 MPa estimated above, which will again further increase the equilibrium concentration of anhydrite. The process of a successive pressure-induced increase in the equilibrium concentration of the dissolving mineral is well known from petrography (see, e.g. Merino and Dewers 1998). It can be illustrated graphically by plotting in one and the same diagram the following two curves (Fig. 3): (1) the crystallisation pressure p G of the gypsum as a function of the concentration c (curve ''p G '', determined by Eq. (8) with c Ca 2þ ¼ c SO 2À 4 ¼ c) and (2) the relationship between the pressure p A acting upon the anhydrite particles and the equilibrium concentration of anhydrite (curve ''p A '', determined by Eq. 9).
Points 1 and 2 in Fig. 3 show the equilibrium concentration of anhydrite under atmospheric pressure and the corresponding crystallisation pressure of gypsum, respectively. Point 3 shows the increased equilibrium concentration of anhydrite assuming that the crystallisation pressure of 20 MPa also acts upon the anhydrite particles. At this higher concentration, the crystallisation pressure of gypsum would also be higher (about 30-35 MPa, point 4), which would in turn increase the equilibrium concentration of anhydrite (point 5) and so on. The system reaches equilibrium only at the intersection point of the two curves. At this point, the equilibrium concentration of anhydrite amounts to about 46 mmol/l (about twice the equilibrium concentration under atmospheric pressure) and the crystallisation pressure of gypsum to 53 MPa.The crystallisation pressure at equilibrium can be obtained by setting p A = p G in Eq. (9) and solving the system of Eqs. (8) and (9) with respect to p G :
where D r,GA S 0 and D r,GA G 0 are thermodynamic constants (see Notation and Table 1 ).
As mentioned above, Eq. (10) assumes that the anhydrite pressure is equal to the pressure developed by the gypsum crystals. If the latter are sparsely distributed within the rock matrix and located at greater distances from the anhydrite grains, the anhydrite will experience a smaller pressure increase than the walls of the pores constraining the gypsum growth. In the borderline case, where the anhydrite pressure remains equal to atmospheric pressure, the crystallisation pressure of gypsum can be determined by setting the ion concentrations in Eq. (8) equal to the equilibrium concentration of anhydrite under atmospheric pressure (i.e. from Eq. 9 with p A = 0). We thus obtain the following equation:
Let us revisit now the question of ''Relationship between crystallisation pressure and concentration'' section, i.e. study the effect of temperature, water activity and pore size, taking into account the specific conditions prevailing in a closed system. Contrary to ''Relationship between crystallisation pressure and concentration'' section, we do not investigate here the effect of foreign ions (NaCl), because the latter would increase both the gypsum and the anhydrite solubility with the consequence that the supersaturation and the crystallization pressure would not change (note that-contrary to Eq. (8)-the activity coefficients do not appear in Eqs. 10 and 11). Figure 4a , b and c show the crystallisation pressure as a function of temperature, water activity and pore size, Fig. 3 Relationship between the crystallisation pressure of gypsum and the ion concentration as well as between the pressure and equilibrium concentration of anhydrite respectively, for the two above-mentioned bounds of the anhydrite pressure (i.e. p A = 0 or p A = p G ). It is evident that in a system where anhydrite is the only ion supplier, the anhydrite pressure significantly influences the crystallisation pressure of gypsum.
As the equilibrium concentration of anhydrite depends on temperature, both the supersaturation with respect to gypsum and the crystallisation pressure of gypsum also depend on temperature (Fig. 4a) . More specifically, with increasing temperature, the crystallisation pressure decreases by 1-2 MPa/°C depending on the anhydrite pressure.
According to Fig. 4c , the surface energy effect is relevant only for pore radii of up to 100 nm. Figure 4d gives an idea of the pore sizes of sulphatic claystones. More specifically, the diagram shows the results of mercury intrusion porosimetry (MIP) on samples from two Swiss tunnels crossing sulphatic claystones; the Chienberg Tunnel and the Belchen Tunnel. The diagram can be read in combination with the overlying diagram (Fig. 4c) . Consider, for example, the curve for the sample from the Belchen tunnel and a percentage of n = 20 %. The corresponding pore radius and crystallisation pressure amount to about 12 nm (point A in Fig. 4d ) and 8-21 MPa (points B and C in Fig. 4c ), respectively. This means that in 80 % of the total pore space (which consists of pores smaller than 12 nm) the crystallisation pressure amounts to 8-21 MPa, which is significantly lower than the pressure in the remaining larger pores (20-52 MPa, Fig. 4c ). The effect of the surface energy is thus significant in the case of the Belchen tunnel. By the same line of arguing, one can easily conclude from Fig. 4c and d that this effect is less important in the case of Chienberg Tunnel. The sample from this tunnel has considerably larger pores, probably due to the smaller depth of sampling (50 vs. 200 m). Furthermore, the Chienberg Tunnel crosses the so-called Tafeljura, while the rock in the Belchen Tunnel belongs to the intensively folded part of the Jura mountains (the so-called Faltenjura), where high tectonic stresses may have caused additional compaction (Huggenberger 2014) .
In conclusion, the thermodynamically possible range for the crystallisation pressure of gypsum is very wide even under the relatively simple conditions of a closed system. In the absence of surface energy effects or of interactions with clay minerals, the crystallisation pressure is equal to 20-50 MPa (Fig. 4a for T = 20°C) depending on how much the pressure on the anhydrite particles increases due to the pressure exerted by the gypsum crystals upon the pore walls.
Open systems
In an open system, uncertainties exist with respect to the ion concentration. Consider, for example, the relatively Fig. 4 Crystallisation pressure p G of gypsum as a function (a) of the temperature T (b) of the water activity a W and (c) of the pore radius r P ; (d) measured pore size distribution after Röthlisberger (2012) and Leemann and Wyrzykowski (2012) Environ Earth Sci (2014) 72:4985-4994 4991 simple conditions of a rock sample placed in an oedometer device and immersed in a container of distilled water. Under the conditions of a swelling pressure test, the volume of the specimen is kept constant and consequently water uptake by and seepage flow towards the specimen is negligible. However, even in the absence of advection, it is possible that the ions produced by the dissolution of anhydrite move by diffusion out of the oedometer towards the water in the container. The ion concentration in the sample is governed by the combined effect of the anhydrite dissolution rate and the ion diffusion rate. If the diffusion rate is very high compared with that of the anhydrite dissolution, then the ion concentration in the pore solution and thus the crystallisation pressure of gypsum will be very low or even zero. On the other hand, if the diffusion is very slow, then the situation will be close to that of the closed system discussed above. Generally, ion transport may also occur by advection. This is true particularly in situ due to the seepage flow around a tunnel. Seepage flow introduces an additional source of uncertainty, making a theoretical determination of the ion concentration and thus also of the crystallisation pressure in situ extremely difficult. The ion concentration in a rock element might vary from practically zero to values even higher than the equilibrium concentration of anhydrite. In the latter case, anhydrite should theoretically also start to precipitate or-if its crystal growth is constrained-exert a crystallisation pressure. However, according to Klepetsanis and Koutsoukos (1991) , who investigated the precipitation of calcium sulphate within the temperature range T = 20-60°C, the only phase forming under these conditions is gypsum. The reason is that gypsum precipitates much more rapidly than anhydrite, thus consuming the ions of the pore solution before anhydrite grows. According to Fletcher and Merino (2001) , who evaluated the experimental results of Liu and Nancollas (1970) , the kinetic rate constant of anhydrite precipitation is lower than that of gypsum precipitation by a factor of about 200.
In view of the practical difficulty of reliably estimating ion concentrations in situ, we will estimate crystallisation pressure on the basis of the concentrations measured in three Swiss tunnels crossing the Gypsum Keuper formation. Table 2 shows only the most important ions identified in the water chemical analyses, i.e. calcium-(Ca 2? ), sulphate-(SO 4 2-), sodium-(Na ? ) and chloride-(Cl -) ions. As mentioned above, crystallisation pressure increases with the concentration of calcium and sulphate ions and decreases with the concentration of foreign ions (i.e. mainly sodium and chloride in the present case). Based upon the concentrations in Column 3-6 of Table 2 and assuming, for all three tunnels, that temperature T = 20°C, water activity a W = 1 and that pore water pressure is atmospheric and the interfacial effects are Table 2 ). These values are significantly lower than the crystallisation pressures in a closed system (20-50 MPa according to ''Closing remarks'' section).
Closing remarks
We have investigated the factors affecting the crystallisation pressure of gypsum by means of thermodynamic computations. We considered different scenarios with respect to supersaturation and obtained crystallisation pressures in the range of 20-50 MPa in the case of closed systems containing anhydrite, water and gypsum. Considerably lower pressures are obtained in the case of low water activities (which may be due to the electrostatic interactions of clay minerals), very small pores or when taking account of the ion concentrations measured in situ.
Concerning the practical engineering problem of swelling pressure in tunnelling, it should be noted that the macroscopically observed swelling pressure (i.e. the pressure that develops when the volume of a rock specimen containing gypsum crystals is kept constant) must be considerably lower than the crystallisation pressure. The reason is that the latter acts only locally within the rock matrix and, in addition, the matrix may act as a buffer which, depending on its stiffness, allows a certain amount of crystal growth to occur.
Appendix: on crystallisation pressure after Flückiger et al. (1994) From Eqs. (3)- (6), we obtain the following expression for crystallisation pressure according to Flückiger et al. (1994) :
The nominator of the right side is equal to the change in the Gibbs energy DG r of the anhydrite hydration reaction due to a change in temperature from the standard temperature T 0 to another temperature T. It is well known (cf., e.g. White (2005) that
where the standard entropy D r,GA S 0 of the anhydrite hydration reaction can be determined from the molar entropies of the reaction products (gypsum) and reactants (anhydrite and water):
Taking into account the values of the molar constants according to Table 1 , Eqs. (12)- (14) lead to
This value is close to Flückiger et al. (1994) result (3.7 MPa) . The difference is due to rounding errors and to the fact that Flückiger (1994) used Kelley et al.'s (1941) empirical equation rather than the molar constants of Anderson (1996) .
In the following, we will show that the pressure according to Eq. (15) is equal to the increase in the crystallisation pressure of the gypsum that would occur if the solution was permanently saturated with respect to anhydrite; the anhydrite was under atmospheric pressure and the temperature was reduced from the standard temperature of T = T 0 = 25°C (hereafter referred to as ''state 1'') to T = 20°C (hereafter referred to as ''state 2''). The decrease in temperature causes an increase in the crystallisation pressure of the gypsum because the solubility of anhydrite increases with decreasing temperature (cf., Freyer and Voigt 2003, for example) and, consequently, supersaturation with respect to gypsum is higher in state 2 than in state 1. At state 1, the crystallisation pressure of gypsum reads as follows:
where K eq,A 0 and K eq,G 0 denote the equilibrium solubility products of anhydrite and gypsum, respectively, at standard conditions. Eq. (16) follows directly from Eq. (2) considering that the solution is saturated with respect to anhydrite and, therefore, K = K eq,A 0 . The crystallisation pressure p c2 at an arbitrary temperature T can be calculated from the following equation (cf., e.g. White 2005):
where the standard entropy of gypsum dissolution D r,G S 0 can be determined from the molar entropies:
If the solution is always saturated with respect to anhydrite and the anhydrite is under atmospheric pressure, then the solubility product K can be obtained (analogously to Eq. 17) from the following equation:
where the standard entropy of anhydrite dissolution is 
The last term on the right side of this equation is identical with Eq. (15). This means that the value determined by Flückiger et al. (1994) is equal to the change in the crystallisation pressure (p G2 -p G1 ) that would occur if the temperature decreases from T 0 = 25°C to T = 20°C.
